Glutamine synthetase [L-glutamate:ammonia ligase (ADPforming); EC 6.3.1.2] from Eschertchia coli and other Gramnegative bacteria is regulated mainly by covalent modification of a particular tyrosyl residue in each subunit of the dodecamer (1). In this reaction, an adenylyl group from ATP is attached via phosphodiester linkage to the hydroxyl group of the tyrosyl residue (2). Under most physiological conditions the adenylylation of each subunit leads to the inactivation of that subunit only (E. R. Stadtman, unpublished data) because adenylylation converts the enzyme from a Mg(II)-specific to a Mn(II-specific form in terms of its biosynthetic activity. The dramatic effect of the covalently bound AMP on the enzymic activity leads us to determine the spatial relationship between this regulatory site and the two divalent metal ion binding sites. The first site is required for converting a relaxed enzyme form (inactive) to an active form (1) and the second site is involved in the binding of metal-nucleotide complex (3, 4), a substrate for the biosynthetic reaction. In this study both "3C and 31P nuclear magnetic resonance (NMR) signals from the [2-13C]AMP adenylylated enzyme were used to measure the paramagnetic effect of bound Mn(II) ions. Quantitation of this effect led to the determination of distances between the covalently bound AMP and the two bound Mn(II) ions. In addition, distances between the adenylyl group and the bound Co(II) ions were established utilizing the 
between e-adenine and Co(II) at nj and n2 are '13 and -11iA, respectively. Quantitation of the paramagnetic effect due to Co(H) on the 1P nuclear magnetic resonance signal yielded values of 8 and 6 A for the distances between the phosphorus of the covalently bound AMP and the ni and n2 sites, respectively. The results reveal that the covalent modification site is very close to the catalytic center of the enzyme. In this study both nuclear magnetic resonance and fluorescence energy transfer techniques have been used to determine distances between the same set of sites on an enzyme surface.
Glutamine synthetase [L-glutamate:ammonia ligase (ADPforming); EC 6.3.1.2] from Eschertchia coli and other Gramnegative bacteria is regulated mainly by covalent modification of a particular tyrosyl residue in each subunit of the dodecamer (1) . In this reaction, an adenylyl group from ATP is attached via phosphodiester linkage to the hydroxyl group of the tyrosyl residue (2) . Under most physiological conditions the adenylylation of each subunit leads to the inactivation of that subunit only (E. R. Stadtman, unpublished data) because adenylylation converts the enzyme from a Mg(II)-specific to a Mn(II-specific form in terms of its biosynthetic activity. The dramatic effect of the covalently bound AMP on the enzymic activity leads us to determine the spatial relationship between this regulatory site and the two divalent metal ion binding sites. The first site is required for converting a relaxed enzyme form (inactive) to an active form (1) and the second site is involved in the binding of metal-nucleotide complex (3, 4) , a substrate for the biosynthetic reaction. In this study both "3C and 31P nuclear magnetic resonance (NMR) signals from the [2-13C]AMP adenylylated enzyme were used to measure the paramagnetic effect of bound Mn(II) ions. Quantitation of this effect led to the determination of distances between the covalently bound AMP and the two bound Mn(II) ions. In addition, distances between the adenylyl group and the bound Co(II) ions were established utilizing the Co(II)-induced quenching of the fluorescence emission spectrum of e-ATP adenylylated enzyme. From the distance values determined here and those reported previously (4) for the distance between the two divalent metal binding sites, it is possible to establish a topography for the regulatory, catalytic, and tightening sites.
MATERIALS AND METHODS Materials Glutamine synthetase containing one equivalent of adenylyl group per mole (Er-o; the subscript indicates the average number of adenylylated subunits per dodecamer) was isolated from E. coli grown in a medium containing 35 mM L-glutamic acid and 0.67 M glycerol. The modified Zn(II)-Mg(II) precipitation method was used for the isolation (5). The specific activity of the purified enzyme agrees well with the published values for the pure enzyme (6) . ATP:glutamine synthetase adenylyltransferase (ATase) (EC 2.7.7.42) from E. coli was prepared by the method described for P11 protein purification (7) through the agarose column step, with the exception that phosphate buffer was used in the two column steps. The partially purified ATase contained no PI1, glutamine synthetase, or UTP:Pj1 protein uridylyltransferase activity. [2-'3C]ATP, 90% enriched, was purchased from International Chemical Nuclear. The e-ATP (1-N6-entheno-ATP), was obtained from P-L Biochemicals, Inc. 4-(2-Hydroxyethyl)-piperazineethanesulfonic acid (Hepes), ultrol grade, was purchased from Calbiochem.
[2-'3C]AMP-glutamine synthetase was prepared enzymatically by adenylylation of El-r with [2-'3C]P. The reaction conditions were similar to those of the published method (8) , except that 25 mM of glutamine was used. The reaction was at 370 for 0.5 hr in the presence of an appropriate amount of ATase. The state of adenylylation was determined to be 11.8 by the y-glutamyltransferase method (9) . The adenylylated enzyme was purified by the Zn(II)-Mg(II) precipitation method (10) . The Zn(II) was removed by dialyzing the enzyme with EDTA followed by extensive dialysis with 20 mM Hepes/0. 1 M KCI/2 mM MgCl2 at pfl 7.2. The enzyme was then concentrated to the desired level using an Amicon ultrafiltration apparatus. e-Adenylylated glutamine synthetase was prepared by the same procedure. Because e-ATP is a poor substrate for the ATase (11), the reaction time was extended to 18 hr in the presence of 25 mM E-ATP. The state of adenylylation of the reaction product was determined to be 7.1 (six e-AMP groups Longitudinal relaxation rates, /IT,, were determined by a 1800-T-90°pulse sequence. Distances were calculated from Eq.
3:
r = (C' X pTP X f'(Tc))1'6 [3] where C' is 1.8 X 1016 for Mn(II) to C13, 2.02 X 1016 for Mn(II) to 31P, and 10.2 X 1016 for Co(II) to 31P (12) and the expression of f'(Tr) is given in ref. 12. Fluorescence Energy Transfer. Energy transfer from a fluorescent donor to a suitable acceptor can be determined by measuring relative fluorescence quantum yields (4)) or lifetime (r) efficiencies of the donor. Thus, the relative quantum yield or lifetime measured in the absence (V°or r0) and presence (4) or r) of an acceptor is related to the transfer efficiency, E: 65 ,536 scans, proton decoupling, 0.5-sec repetition rate, t = 18°C. The peaks at '175 ppm are from the carbonyl and carboxyl carbons of the protein, the shoulder at -158 ppm represents the guanidyl carbon of the arginine residues, and the peaks at -135 ppm are from the aromatic amino acids. The carbonyl, arginine, and aromatic carbons are saturated in the upper spectrum due to their long T, values relative to the rapid repetition rate used for the data acquisition.
[6] calculated assuming only a dipolar interaction represent the lower limit.
Fluorescence quenching of E-adenylylated glutamine synthetase by Co(II) Fig. 2 shows the results from the fluorescence quenching of the e-adenosine moiety due to Co(II) binding to E7.0 or EY1.o glutamine synthetase for which six e-AMP groups were covalently attached to both enzyme forms. The titration curves obtained for both ET.-and EjT.o are identical. A similar curve was obtained by monitoring the fluorescence lifetime of the covalently bound e-AMP as a function of increasing Co(II) concentration. The lifetime decreased from 17 nsec in the absence of Co(II) to -2-4 nsec at 1 mM Co(II). The biphasic titration curve was analyzed in terms of two Co(II) binding sites, each of which contributes to the quenching of the e-AMP fluorescence. With the assumption that the relative fluorescence intensity observed at a given Co(II) concentration is the sum of the fluorescence emission due to the e-adenylylated enzyme species which contained 0, 1, and 2 bound Co(II), we computed by a curvefitting method the dissociation constants for the two Co(II) binding sites, which were 1.4 X 10-5 M (site 1) and 2.5 X 10-4 M (site 2), with relative fluorescent efficiencies of 31% and 27% [with respect to the fluorescence intensity of e-adenylylated EnCo(II) or E-l,-Co(II)] for site 1 and site 2, respectively.
The emission spectrum of e-adenylylated enzyme extends to 560 nm, while the Co(II)-enzyme exhibits an absorption spectrum between 420 and 600 nm with an absorption maximum at 510 nm (E = 45 M-'cm-'). The overlap integral obtained is (10.1 + 2.1) X 10-17cm4M-1. For computation of R0 (Eq. 5), a value of 2/3 was used for K2. The value of n used is the 1.33, the index of refraction of the solvent. A value of 0.59 was used for the quantum yield of the Co(II) free enzyme, Q, as determined by Secrist et (19) , it is possible that both Co(II) and Mn(II) bind to the same site(s) but that each stabilizes a different conformational state. Both Co(II) and Mn(II) are capable of converting a relaxed (divalent metal ion-free) enzyme to a taut form (active) and both metal ions can support the transferase reaction catalyzed by the unadenylylated glutamine synthetase (1) . These data suggest that Co (II) and Mn(II) can bind to the tight site (nj) to activate the relaxed enzyme and to the catalytic site (n2) as a divalent metal ionnucleotide complex. The agreement between the distances for Mn(II) to covalently bound [2-13C] AMP determined by the NMR method and the Co(II) to covalently bound -AMP by the fluorescence method (Fig. 3) and the fact that similar values were obtained with either Co(II) or Mn(II) for metal ion to 31P distance support the thesis that Mn(II) and Co(II) bind to the same ni and n2 sites on the enzyme. In addition, the similar results obtained with the two different techniques described herein is indeed gratifying since the theoretical basis for the paramagnetic effect in magnetic resonance and fluorescence quenching due to energy transfer are dissimilar.
It should be pointed out, however, that both NMR and fluorescent methods inherit a certain error range in distance determination. For instance, the rc values used to compute the adenylyl group to metal ion distances for the Mn(II) and Co(II) system contain a relatively large uncertainty [4.4-13 X 10-9 and 6-9 X 10-12 sec for Mn(II) and Co(II), respectively]. Fortunately, the calculated distance is proportional to (rC)'!6, thus the value of r so obtained is relatively insensitive to TC; e.g., a 5-fold variation in TC would yield only a 30% change in the value of r. Since 1/pTlp and 1/pT2p for Co(II) interaction with 31P do not differ greatly (Table 1) , the paramagnetic contribution was assumed to arise solely from a dipolar interaction. If a significant hyperfine interaction were present, it would affect 1/pT2p only and one would expect a large difference between the 1/pTp and 1/pT2p value (20) . However, both 1/pTP and 1/pT2p could result from exchange processes (local movement of the covalently bound AMP), and lack of correction for these processes would result in calculation of Co(II) to 31P distances that were too short. This may account for the slight discrepancy in Co(II) to 31P and Mn(II) to 31P distances. With the fluorescence method, the uncertainty derives mainly from assigning the value of K2, the dipole-dipole orientation factor. Proc. Natl. Acad. Sci. USA 75 (1978) 1259 This value in general can range from 0 to 4 with a value of 2A for random average orientation between the energy acceptor and donor. The advantage of using Co(II) as an acceptor is that it limits the K2 value to a range of 'A to 43 with 2/ for random average, due to the nearly triple degenerate visible absorption transition of Co(II) (21) . Therefore, the uncertainty due to the assumed K2 value is only +12%. The error range in determining the overlap integral, J, was also minimized because Ro is proportional to (J)1/6, such that a 25% error in J would result in only a ±4.7% deviation in Ro. In determining the fluorescence quenching efficiency and the dissociation constants for the two Co(II) binding sites on the enzyme. The dissociation constants for the tight site obtained is in good agreement with the reported value obtained from equilibrium dialysis study (22) . In addition, the fact that ET-and Em,,., each containing six covalently bound e-AMP, exhibit identical Co(II) titration curves (Fig. 2) indicates that Co(II) binding is not affected by any subunit interaction between the eATP adenylylated subunits and the unadenylylated or ATP adenylylated subunits. Segal and Stadtman (23) have shown that in the presence of Co(II), heterologous interactions between adenylylated and unadenylylated subunits within hybrid enzyme molecule affect the catalytic activity of the unadenylylated subunits.
The rotational correlation time calculated from the NMR data show that the adenine moiety of the 5'-adenylyl-O-tyrosyl residue has a 10-fold greater degree of motion (-10-8sec) than does the entire 600,000 molecular weight enzyme (-1047sec).
The result indicates that the regulatory site is likely located on the surface of the enzyme such that it is easily accessible to the modifying enzyme, ATase. The similarity in fluorescence lifetime observed for e-AMP-enzyme (17 nsec) and for free e-AMP (19 nsec) (18) is also in accord with the thesis that the enzyme-bound adenine moiety is surrounded by solvent and possesses a substantial amount of mobility. The 31p data, however, demonstrated that the phosphoryl group attached to the tyrosyl residue is reorienting at about the same rate as the entire enzyme molecule. This can be attributed in part to the partial ir-bonding character for P-O and O-C bonds and a possible charge-charge interaction between the phosphoryl group and the protein such that the phosphoryl group is immobilized.
The results as shown in Fig. 3 also reveal the close distance between the tyrosyl residue in the regulatory site and the substrate binding site (n2). It is possible that the tyrosyl residue is involved in the biosynthetic reaction catalyzed by the unadenylylated enzyme. When the enzyme is adenylylated, the covalently attached AMP simply removes this interaction by shifting the tyrosyl residue away from the catalytic site through charge-charge interaction between protein and the phosphoryl group of the adenylylated AMP. If this is indeed taking place, then the regulation of glutamine synthetase by covalent modification may simply require the phosphorylation of the tyrosyl residue, as reported for the regulation of key enzymes in animals and other eukaryotic organisms by phosphorylation of a specific serine residue (24) . The role of nucleoside in the modification of glutamine synthetase may be an early stage in the evolution for phosphorylating the tyrosyl residue.
